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ABSTRACT

We have analyzed the high-resolution ultraviolet (UV) emission spectrum of molecular deuterium hydride (HD)
excited by electron impact at 100 eV under optically thin, single-scattering experimental conditions. The high-
resolution spectrum (FWHM = 160 mA) spans the wavelength range from 900 to 1650 A and contains the two
Rydberg series of HD: 'S\ 150, npo(B, B', B, n = 2, 3, 4) — X 'S] and '11; 150, npn(C, D, D', D", n = 2,3, 4,
5) — X E* A model spectrum of HD, based on newly calculated fransition probablhtles and line posrtrons 1nc1ud—
1ng rovibrational coupling for the strongest band systems, B 'r-x'vr B Yy -x %y, ¢ 'L,~X 'Y}, and D '~

IEg , s in excellent agreement wrth observed intensities. The cross sections for direct excitation at 100 eV of
the B'SF, B' 13F, C 'T1,, and D 'TI, states were derived from a model analysis of the experrmental fluorescence
spectrum to the ground state. The absolute cross section values for excitation to the B!, B 'S F, C 1, and D 'T1,,
states were found to be (2.57 £ 0.26) x 1077, (0.22 £ 0.06) x 1077, (2.54 £ 0.25) x 10 17 and (0.17 £ 0.04) x

10717 cm?, respectively. We have also determmed the dissociative exc1tat10n Cross sections at 100 eV for the emis-
sion ofLya at 1216 A and Ly(3 at 1025 A lines, which are (7.98 £1.12) x10~'® and (0.40 £ 0.10) x 10~'8 cm?, re-
spectively. The summed excitation function of the closely spaced pair of lines, H Lya and D Lyc, resulting from
dissociative excitation of HD, has been measured from the threshold to 800 eV and is analytically modeled with a
semiempirical relation. The model cross sections are in good agreement with the corrected Ly« cross sections of
Moéhlmann et al. up to 2 keV. Based on measurements of H, D (2s) production cross section values by Méhlmann

et al., the H, D (n = 2) cross section is estimated to be 1.6 x10~'7 ¢cm? at 100 eV.

Subject heading: molecular data

1. INTRODUCTION
1.1. Astrophysics and the Solar System

The primordial abundance of the deuterium element, D, is
continually depleted in the cosmos by nuclear processes within
the interior of stars. The study of D abundance by HD ultra-
violet (UV) absorption techniques has far-reaching cosmolog-
ical significance as the present HD abundance is a lower limit to
the primordial abundance (Ferlet et al. 2000). HD is the third
most abundant molecule in the interstellar medium (ISM). The
Copernicus satellite detected interstellar HD via UV absorption
transitions, belonging to the Lyman and Werner electronic band
systems, toward bright stars (Spitzer et al. 1973) such as Zeta
Ophiuchi (Morton 1975). More recently, with the Far Ultraviolet
Spectroscopic Explorer (FUSE) satellite, a sample of these HD
UV absorption transitions has also been detected in a variety of
interstellar translucent clouds toward less bright stars in the Ga-
lactic and extragalactic environments (Ferlet et al. 2000; André
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et al. 2004; Lacour et al. 2005; Boissé et al. 2005). The analysis
of the Copernicus interstellar data is based upon the HD wave-
lengths measured by Dabrowski & Herzberg (1976) and the
transition probabilities calculated by Allison & Dalgarno (1970).
The shortcomings of these values based on Honl-London fac-
tors for molecular hydrogen and its isotopes have been pointed
out by Liu et al. (1995) and Abgrall et al. (1999). Allison &
Dalgarno (1970) band transition probabilities partitioned by
Hoénl-London factors yield significant errors when nonadia-
batic rovibronic correction and centrifugal potential are not neg-
ligible. The nonadiabatic correction mainly affects close-lying
levels.

In the solar system HD has been observed in the atmosphere
of all four giant planets (Jupiter, Saturn, Uranus, and Neptune),
with an HD/H, abundance ratio of (1-10) x 107> ( Taylor et al.
2004). The determination of the D/H ratio in the giant plan-
ets has long been recognized as a powerful tool to understand
the formation of the solar system from the primitive nebula. The
H Ly« line is one of the strongest lines in the spectrum of the
giant planets’ aurora (cf. Bhardwaj & Gladstone 2000), mainly
produced through electron impact dissociative excitation of H,
gas in their upper atmospheres. However, some contribution to
this auroral line from the outer planets’ atmospheres can also
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come from dissociative excitation of HD, whose contribution is
not known. Even observation of the D Ly« line from Jupiter’s
airglow has been reported (Ben Jaffel et al. 1998), although it has
been contested too (Parkinson et al. 1999). The possibility exists
for the presence of HD in the extrasolar giant planets. Indeed,
H Ly« has been detected in absorption toward HD 209458b
(Vidal-Madjar et al. 2003), which is a Jupiter-like planet orbiting
a Sun-like star, indicating the presence of H and H, in its atmo-
sphere. Finally, we mention the detection of D-bearing molecules
(HDO and DCN) in comets, where the D/H abundance ratio, in
HDO/H,0, is estimated to be ~3 x 10~ (Bockelée-Morvan et al.
2005). This ratio can be used to infer the processing a comet has
undergone during evolution to estimate the pristine nature of its
nucleus content. Interestingly, the D/H ratio in comets is about
twice the terrestrial value and about a factor of 10 higher than the
values found in the protosolar material, but quite similar to that
found in the interstellar medium, which may indicate a similar
origin.

1.2. Molecular Physics

Electron impact collision processes on HD have been stud-
ied both experimentally and theoretically. Geiger & Schmoranzer
(1969) investigated the electron energy loss spectra of HD at
34 keV and measured the integrated vibrational intensities of the
Lyman and Werner bands. Geiger & Schmoranzer (1969) de-
termined Franck-Condon factors and isotope effects among H,,
HD, and D,. Dissociative recombination processes for specific
vibrational states of HD" have been measured by Amitay et al.
(1999). Core excited resonances in HD, for the 11—13 eV electron
energy range, have been studied by Furlong & Newell (1995). On
the theoretical side, rotational excitation of HD by low-energy
electrons has been calculated by Hara (1971), and vibrational
excitation of HD has been analyzed theoretically by Kazanskii
(1996). More recently, Celiberto et al. (2001) created an exten-
sive theoretical database for the electron impact inelastic cross
sections of HD, emphasizing the dissociative electron attachment
cross sections at very low energies (less than 6 eV).

Electron impact dissociative excitation cross sections of HD
have been studied experimentally via the analysis of the Ly«
emission arising from principal quantum number n = 2, H, D
(2p, 2s — s transitions) through the processes

e+HD -—H+D"+e—H+D+hv+te
—H'+D+e—H+hv+D+e.

These cross sections were measured at electron energies of 100—
2000 eV by the group from Holland (Mdhlmann et al. 1978)
about 25 years ago. Their measurements were based on the pre-
1985 value of cross section of the H Lya from dissociative ex-
citation of Hy at 100 eVof 1.2 x 10~!7 cm?, compared to the more
recent and accurate value of 7.16 x 10~'® cm? (Liu et al. 1998).
Moreover, due to experimental constraints, the measurements of
Moéhlmann et al. (1978) are limited to energies >100 eV, and
therefore no information is available on the threshold and near-
threshold region. Additionally, Ajello et al. (1991, 1995a, 1995b)
have shown that the dissociation of H, molecules proceeds by
branches for singly and doubly excited states. The set of dissocia-
tion reactions for the H Ly« and the D Ly« (hereafter H, D Lya)
produced during dissociative excitation of HD can be identified
using analytic models to fit the measured excitation function. To
our knowledge the UV spectrum of HD under single-scattering
conditions of electron impact fluorescence has not been mea-

sured before. Emission experiments in discharge tubes have been
conducted in the past for determining rotational and vibrational
constants (Dabrowski & Herzberg 1976). The laboratory mea-
surements of emission cross sections are the basis to analytical
models for calculations of electron energy loss in gaseous en-
vironments rich in hydrogen molecules and its isotopes (e.g.,
Singhal et al. 1992; Dalgarno et al. 1999; Ajello et al. 2005; cf.
Bhardwaj & Gladstone 2000 and references therein). Reliable
cross sections are obtained through coupling between laboratory
program and theory (Liu et al. 1998).

1.3. Plan for Paper

We have recently reported the analysis of high-resolution UV
emission spectra following electron impact excitation of H, (Liu
et al. 1995, 2000; Jonin et al. 2000) and D, (Abgrall et al. 1999).
The discrete and continuum line transition probabilities were cal-
culated by Abgrall et al. (1993a, 1993b, 1993c, 1994, 1997) for
H, and Abgrall et al. (1999) for D,. In this paper we report a
combined experimental and theoretical investigation of the UV
emission spectrum of HD. The theoretical study involves detailed
calculations of emission transition probabilities of individual
rotational lines of the B 'Sy —X 'SF, B/ 'S/ —x 'v3F, C '} -
X 'S, and D 'TI7-X 'S band systems. The experimental
record is concerned with the measurement of high-resolution
(0.16 A FWHM) electron impact-induced UV emission spectra
from 900 to 1700 A. We have also measured the excitation func-
tion of the H, D Ly« produced in dissociative excitation of HD
in the low- and medium-energy regions (10—-800 eV) and made
an estimate of the dissociative excitation cross sections of the
HD Rydberg state for n = 2 and 3 at 100 eV.

The organization of the paper is as follows. Section 2 de-
scribes briefly the experimental apparatus used to measure the
UV emission from the deuterium hydride molecule produced by
electron impact. Section 3 reports the relative flow measurement
ofthe H, D Ly« cross section at 100 eV. The coupled Schrodinger
equations formalism used in ab initio calculations of continuum
and discrete transition probabilities for the first two principal quan-
tum number levels (n = 2, 3) of HD is related in § 4. In the model
section (§ 5), we provide a concise description of the theoretical
model used to analyze the observed electron impact fluorescence
intensities, which takes into account the B, B’, C, and D’ states.
In § 6, cross sections are determined for each of the B, B/, C, and
D states at 100 eV. Section 7 describes the analysis of the elec-
tron impact dissociative excitation cross sections for the com-
bined optically allowed transition of H, D Ly« at 1215.67 and
1215.34 A, respectively. Section 8 is a summary section and dis-
cussion of the results.

2. EXPERIMENTAL APPARATUS

The experimental setup, which consists of an electron—
molecular-beam collision chamber and a 3 m UV spectrometer
interfaced for computer control and data acquisition, has been
described in previous papers (Liu et al. 1995; Ajello et al. 1995a,
1995b, 1996; Jonin et al. 2000; Vatti Palle et al. 2004). The UV
spectrometer used is an Acton VM-523-SG spectrometer at the
Jet Propulsion Laboratory (JPL) (4/AA = 67,000). The single
channel detector used is a channel electron multiplier with a Csl
coating, prepared by vacuum deposition at our laboratory. The
holographic grating used with this spectrometer is a custom-
coated B4C concave 1200 grooves mm~! grating with a horizon-
tal (plane of dispersion) aperture ratio of £/28.8. The slow optical
system results in a narrow field of view of the collision region
of 3.8 mm (horizontal) by 2.4 mm (vertical). The UV photon
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signal is detected by the spectrometer with an optic axis at 90°
to the plane containing the crossed electron and HD target mol-
ecule beams. The interaction volume is approximately 2 mm?>.
The polarization of the radiation is negligible for the HD transi-
tions at 100 eV excitation energy. The magnetically collimated
electron beam source is described in detail by Ajello et al. (1990).
In brief, the thermionic electrons are created by heating a tung-
sten filament. The beam is collimated using an axially symmet-
ric magnetic field of 100 G, which is generated by a solenoid
system. The energy resolution of the electron beam is 1 eV. The
absolute energy of the electron beam for energy scans is cali-
brated by measuring the appearance potential of the H, D Ly«
from dissociative excitation of HD at 14.67 eV. We have per-
formed wavelength scans at 100 eV with the HD target mol-
ecules formed by a capillary array effusing into the collision
chamber. The optical path length is proportional to the distance
from the collision region to the entrance slit (a distance of
11.05 cm). The low-pressure spectrum allowed nearly optically
thin intensity measurements of all bands including the resonance
bands (v', 0).

The measured spectra were corrected for relative inverse
sensitivity of the spectrometer system consisting of the grating
and channel electron multiplier. The relative inverse sensitivity
calibration data was obtained by measuring the intensities of
emissions from electron impact excitation of molecular hydro-
gen in the 800—1700 A range and comparing them to the mod-
eled H, intensities (Ajello et al. 1988; Liu et al. 1995). The
resulting calibration data and fifth-degree polynomial fit for the
HD experiment are shown in our recent paper for an SO, ex-
periment (Vatti Palle et al. 2004).

The spectral resolution is 0.16 A FWHM for the present ex-
periment. The emission spectrum was obtained by scanning the
grating from 900 to 1650 A. The wavelength increment was
0.032 A, which yielded a FWHM offive steps in the wavelength
for the stepping motor. The integration time for each data point
was 75 s in the far-ultraviolet (FUV) spectral region (1100—
1650 A) and 180 s in the extreme-ultraviolet (EUV ) spectral re-
gion (900—1120 A). The background HD gas pressure was 1.5 x
103 torr for the optically thin FUV region (without resonance
bands) and 7.8 x 10~ torr for the EUV region that includes
all the resonance bands (800—1120 A). The two spectra were
smoothly joined in the 1100—1120 A region by matching the in-
tensities of rotational lines. The secondary absorption and emis-
sion processes were negligible. Line intensities below 900 A
were too weak at these integration times. Longer integration
times were not possible at the prohibitively high cost of ob-
taining 99.9% purity of the HD. Nonuniform wavelength shifts
of 0.1 A can occur because of temperature fluctuations of the
spectrometer housing (1 K) during the several day spectral
scans of 10,000 channels in the EUVand 18,750 channels in the
FUV.

3. THE ABSOLUTE CROSS SECTION
OF H AND D Lya AT 100 eV

The absolute cross section of the closely spaced D Ly« and
H Ly« lines from electron impact dissociative excitation of HD
at 100 eV was established by two techniques: the relative flow
method and the static gas method. The relative flow calibration
technique compares the relative intensities of the H, D Ly« and
the H, Ly« (i.e., H Ly« from electron impact dissociative ex-
citation of Hy) at a resolution of 0.8 A FWHM in the cross-beam
mode over a range of gas pressures. The UV photon signal var-
ies linearly with the background gas pressure over the range
5x1077to 5 x 107° torr. At this spectral resolution the two Ly«
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peaks of HD (one due to H Lya and the other due to D Ly«
produced in dissociative excitation of the HD) are unresolved.
The numerous rotational lines of Lyman and Werner appear as
a continuum below the H, D Ly« feature. This continuum level
furnishes the background value. At a higher resolution of
0.16 A FWHM the H Ly« and the D Ly« peaks are measured to
be of equal intensity. The ratio of the Ly« emission cross sec-
tions coming from HD (i.e., H, D Lya) to those due to H; (i.e.,
H Lya) was found to be 1.07.

Similarly, the cross section ratio in the static gas method (Ajello
etal. 1990, 1991, 2003), in which the collision chamber is main-
tained at a uniform hydrogen gas pressure of 7 x 107% torr, was
found to be 1.16. Thus, the two methods give nearly identical
results within the experimental error. We find the average value
of 1.115 for the two experimental methods for the ratio of the two
Ly« cross sections. Using the cross section of the H Ly« from
dissociative excitation of H, (Liu et al. 1998), we find the dis-
sociative excitation cross section leading to emission of the
H, D Lya feature to be 7.98 x 107!8 ¢cm? at 100 eV electron im-
pact energy. The total emission cross section contribution from
Lyman and Werner rotational lines laying between 1214.5 and
1216.5 A is 2.0 x 10~'% cm?. The principal remaining uncertain-
ties to the cross section value are the signal statistics (1%), the
systematic plus statistical difference of the two methods (8%),
and pressure and electron beam current uncertainties (5%). Con-
sequently, the cumulative error, 1 o, in the absolute cross section
of H, D Ly« is 14%. The uncertainty of the H, D Ly/3 feature
given later in this paper is estimated to be 25%.

4. THEORETICAL CALCULATIONS
OF TRANSITION PROBABILITIES

We have calculated the emission transition probabilities
between the B, B', C, and D upper rovibronic levels and the ground
Xrovibrational levels of HD, as well as the total emission lifetime
of the upper states. The rovibrational levels within the electronic
X ground state are obtained within the adiabatic approximation
where the one-dimensional Schrédinger equation of the nuclear
motion is solved, including the centrifugal barrier.

As already noted for H, by various authors (e.g., Abgrall et al.
2000; Senn et al. 1988), the upper electronic states may be cou-
pled via rotational and radial coupling, and we obtain the rovibra-
tional upper states by taking explicitly into account the nonadiabatic
couplings and expanding the wave functions over the different
Born-Oppenheimer (BO) wavefunction:

Os,y=>_ Ursfsres. (1)
T

Each Wyy is the product of the electronic BO wavefunction and
the nuclear wavefunction describing the rotational motions. The
nuclear wave function fsr,; and the energy levels E,;; are obtained
from the eigenfunctions and eigenvalues of the Schrédinger cou-
pled equations whose diagonal terms are adiabatic potentials and
off-diagonal terms are rotational and radial electronic coupling
matrix elements. The formalism is described in detail by Senn
et al. (1988).

The spontaneous emission transition probability (which is
equivalent to the Einstein A-coefficient) between two discrete
levels is given by the expression

4

A, vi; Jj, Ji) Zm

(ET)/J]’ - EviJi)3|MSa|27 (2)
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where E,,; is the energy of the level (v, J ), Ms,, is the electric dipole
matrix element between wavefunctions of excited S(v;, J;) and
ground electronic X (v;, J;) states, and « indicates whether the
spectroscopic branch label is P, O, or R.

When the emission takes place into the X continuum states,
the expression has to be modified to take into account the dif-
ferent normalization of the continuum wave functions. Then

4

Ay, e i J) = g
('Uj J ) 3h4c3(2Jj + 1)

(Eygy = Ees) Msal*, (3)

where the kinetic energy of dissociating atoms e; replaces the
vibrational indices v; and the continuum wave functions satisfy
the normalization relative to energy.

The total emission probability, which is the inverse of the radia-
tive lifetime, includes a sum over all possible emission processes:

Ay J) = A )+ Ay, v i J),  (4)

i, Ji

where A.(v;; J;) is the total emission probability toward the
continuum, which is given by

A =Y [, i g dyde ()
J;

where the selection rules on J are taken into account and where
an integral is performed over the kinetic energy of the contin-
uum level.

The dipole matrix elements, Mg, appearing in equation (3)
are given by the following expressions:

Msp = (Ji + D2 { S, 5| Max| fitus,) + S [Mprx| freu, )}

+ ()'? {<fc+1),»1, \Mcx| ficws) + (foro0 | Mpx| fru, I
Msp=(2J;+ 1)'/? {{fe vy lMcx| fwa )+ fo-u5Mpx| frus)}
Msg = (J)'/? {300 Mx| frvs) + (for0,5|Msix| fieus)}

—(i+ 1) {{ferysIMcx| o)+ forv | Mpx| fieu)}

where Mgy, Mcyx, Mg x, and Mpy are the real values of elec-
tronic transition moments, which are functions of the inter-
nuclear distance and calculated in the BO approximation.
Since HD is not a homonuclear molecule, the center of mass
does not coincide any more with the center of charge. There-
fore, in the case of HD, gerade and ungerade labels do not define
exact good quantum numbers for the rovibronic states, and a
weak rovibrational coupling can take place between u and g BO
states. This is demonstrated by the experimental observation of
weak dipole transitions between the g-g (such as EF-X, GK—-X,
etc.) electronic states (see, e.g., Dabrowski & Herzberg 1976
and Hinnen et al. 1995). This weak effect appears especially in
the case of accidental coincidence between u and g uncoupled
rovibrational states, and we did not include it for generating
our emission transition probability calculations in the present

paper.

4.1. Electronic Matrix Elements

In Abgrall et al. (2000), we had smoothed the small inaccu-
racies of the ab initio matrix elements and the effect of the lim-
ited expansion by a small empirical adjustment. This has not
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been done here, because there are not enough accurate experi-
mental levels. Moreover, the local g—u couplings shift levels in a
random way.

The calculations were performed by introducing the most re-
cent and accurate matrix elements values. The diagonal matrix
elements (BO potentials and adiabatic corrections) of the B and
B’ states as well as the B—X and B’—X electronic transition ma-
trix elements are taken from Staszewska & Wolniewicz (2002)
and Wolniewicz & Staszewska (2003a) and those for the C and
D states are taken from Wolniewicz & Staszewska (2003b). The
off-diagonal rotational and radial matrix elements are taken
from Wolniewicz & Dressler (1988).

The adiabatic potential for the ground electronic X state is
taken from Wolniewicz (1993). The transition wavenumbers have
been obtained by using the experimental terms for the lower states.
Then the comparison with the available experimental measure-
ments reflects the accuracy of our calculated upper states. We find
that, when comparison is available, our calculated values are gen-
erally within 2 cm ™! of the experimental values of Dabrowski &
Herzberg (1976). This comparison confirms that the g-u coupling
borrowing effect, which reduces the allowed g-u emission prob-
ability of u-state and transfers the difference to forbidden g-g emis-
sion probability of a close g-state, is generally weak.

5. THE SPECTRAL MODEL

The prime goal of the laboratory program is to determine the
emission cross sections of the n = 2 and 3 Rydberg states (B, B,
C, and D) of HD at 100 eV and to verify the accuracy of the
theoretical calculations presented in § 4. The model used to es-
timate the cross sections from the laboratory spectrum has been
described in previous papers on H, (Liu et al. 1995, 1998, 2000,
2002, 2003; Jonin et al. 2000). We will describe it in a general
way here. The model calculates the intensity of UV discrete and
continuum transitions in an HD gas excited by electrons (£, =
100 eV), using transition probabilities based upon the rotational-
vibrational-electronic wavefunctions of the ground and excited
states from the previous section. The population of the ground
state rotational levels is controlled by the gas temperature. The
J'" =1 level contains the largest rotational population, roughly
40% of the population at 300 K. The Q1 lines of the npm Rydberg
series are the most strongly self-absorbed rotational lines. The
ground state molecules in vibrational and rotational thermal equi-
librium are excited into the various rovibronic states according to
the volumetric excitation rate g(«, v, J, E.). The photoemission in-
tensity into the various branches from rovibronic state |{«, v, J )| is
partitioned according to the emission branching ratio and predis-
sociation yield, np(c, v, J) (Liu et al. 2000). The volumetric pho-
toemission rate, /, including self-absorption is given by

A(Xaaa v, Uy Jf7 J)
A(X7 a7 U? J)

x [1=np(a, v, NTr(X, a, v, J, T),

(6)

I(Xa a, v, v, Jfa J): g(a, v, Jv Ee)

where A(X, a, v, J) = ZW‘JfA(X, a, v, v, Jp, J)and A(X,
a, v, v, Jr, J) is the Einstein 4-coefficient for spontaneous
transition from the excited state |(c, v, J)| to the state |(X, v, Jy)|
ofthe X' ground state and A(X, «, v, J)is the total emission
probability (Liu et al. 1995, 1998; Jonin et al. 2000). Tr(X, «,
v, J, T) is the transmission function for self-absorption through
HD gas at temperature, 7' (Ajello et al. 1998, 2001). Deviations
from the single-scattering in the determination of experimental
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emission cross sections are negligible. The excitation rate g(«v, v,
J, E.)is proportional to the mean cross section in the v/ = 0, J"’
initial level, the population density in level J” of the ground state,
and the electron flux. Equation (7) shows that the mean cross sec-
tion is the weighted average of the population in the J' rotational
level for each branch, the excitation cross section for the branch,
and the impact electron flux F, at energy E, (Liu et al. 1998). The
volumetric excitation rate is given by

g(a, v, J, E) = Fe ) NiQy(Eo). (7)

The quantity O (E,) is the excitation cross section at 100 eVand
is calculated from a known transition probability, assuming the
validity of the Born approximation. The subscripts (i) represent
the collection of quantum numbers (a, vy, Jr) and (X, v, J ) of the
ground and excited states (Liu et al. 1995, 2000). For negligible
self-absorption the photoemission intensity in equation (7) is
proportional to the mean emission cross section. In the present
work we used the total transition probabilities of the previous
section for the B, B’, C, and D, that is, the n = 2 and 3 members
of the Rydberg np and npo series.

The model spectra at 160 mA FWHM for each ofthe B, B', C,
and D — X transitions are shown in Figure 1 without self-
absorption, cascading, and (pre)dissociation at an electron im-
pact energy of 100 eV. The synthetic model spectra cover the
range from 800 to 1700 A. The wavelength region of interest
of the present experimental study comprises a slightly narrower
region from 900 to 1700 A, which is a spectral region that con-
tains all the emission from the Rydberg n = 2 states and most of
the emissions from the n = 3 states. Approximately 25% of the
B’ and D band systems lie below 900 A. This model must be
used to account for the missing rotational lines for wavelengths
below 900 A in order to estimate the total UV emission from HD.
It is clear that the Werner band emissions dominate the emission
spectrum in the wavelength region from 950 to 1200 A, whereas
Lyman band transitions dominate the emission from 1200 to
1650 A. The strongest part of the Lyman continuum lies in the
wavelength range between 1500 and 1600 A. The model omits
the unknown contribution from the n» = 4 Rydberg level com-
prising the B” —X and D’—X band systems. A comparable anal-
ysis of H, for the same bands has shown that n = 4 makes a
small contribution to the emission spectrum in the 900-950 A
region. The unmeasured 750—900 A region would be dominated
by the n = 4 Rydberg bands. The set of strongest Werner rota-
tional lines are all Q1 branch lines. The strongest line is the O1(1, 4)
rotational line at 1139.74 A, followed by several other nonres-
onant Q-branch rotational lines at 1191.18 A Q1(2, 6) and
1202.36 A Q1(3, 7), and a resonant band at 969.81 A Q1(2, 0).
There are also very strong RO lines for these same vibrational
transitions also originating from J' = 1.

There are two important ways for producing the strong vi-
brational transition progressions for the Lyman band system. In
the first, called direct mode, the electrons induce a g-u dipole al-
lowed transition toward the rovibrational levels of B (especially
v’ = 6-12), then the excited HD returns to rovibrational level of
X by emitting UV radiation. In the second, called cascade mode,
the electrons induce a dipole-forbidden transition principally
toward gerade symmetry upper intermediary electronic states,
like EF 'Y, GK IE;, and HH 12;, amid which the most im-
portant is by far EF, next the intermediary rovibrational states
emit allowed infrared radiations toward B '3 states (especially
v’ = 0-2), finally the rovibrational states emit UV radiation to-
ward the X 123 state. The rigorous g < u rule for the dipole
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Fic. 1.—Model electron-induced fluorescence spectrum of the B 'S —.X! E;
(discrete), C ', —X 'S/, B/ 'S —X'S, D', —X 'S}, and B'S) —X 'S~
(continuum) band systems for the HD molecule. Tfle intensities of the
B 'S —x '8 DL, —X'S), and B'Sf —X 'S} (continuum) band systems
have been expanded by a factor of 5.

radiation is no longer strictly obeyed in the HD due to the small
breakdown of the BO approximation in a rotating molecule
(Dabrowski & Herzberg 1976). The first excited 12; state of the
hydrogen molecule and its isotopes is a double minimum resulting
from an avoided crossing and the two minima are referred to as the
EF IE;L state (Kolos & Wolniewicz 1969). We call the EF—B cas-
cade band the Lyman band produced via the cascade mechanism
with EF as intermediary g electronic state. Our theoretical model
takes into account only the first mechanism. However, the experi-
mental data will show the importance of the cascade mode. The
strongest direct excitation rotational lines are at 1508.53 A P1, P2,
P3,P4,R0,R1,R2,and R3 (12, 16) and 1572.40 A P1, P2, P3, P4,
RO, R1, R2, and R3 (9, 16).

The strongest D—X features are found at 984.41 and 1023.86 A.
These features are a blend, respectively, of O1, 2 and RO, 1 (1, 4)
and (2, 6) rotational lines. Only the feature at 984.41 A is fully
resolved in the experimental spectrum at 0.16 A FWHM, but it
appears very weak on a relative basis compared to the Lyman
and Werner bands. For this reason the » = 4 members of the two
Rydberg series, which are the upper principal quantum numbers
for the B”—X and D’—X bands, are not expected to contribute
strongly to the regression analysis of the next section. In the spec-
tral region below 900 A lie the two strong D—X features at
855.79 and 897.87 A, which are also a blend, respectively, of 01,
2 and RO, 1 (3, 0) and (1, 1) rotational lines.

6. ANALYSIS OF THE HIGH-RESOLUTION
LABORATORY SPECTRUM

We have analyzed the laboratory high-resolution spectrum
observations with the model given in the previous section. We
compare the data and modeled synthetic spectrum using a re-
gression analysis best-fit approach, a method similar to that pre-
sented in Ajello et al. (1998, 2001, 2005) for the analysis of the
UV observations of the Jupiter aurora. The first vector (a linear
array of 25,000) in the regression involves the sum of the Lyman
and Werner discrete and continuum emissions. We assess this
summed intensity as a constraint to the regression analysis. The
constraint is based upon our theoretical calculation of the os-
cillator strengths for the Lyman and Werner band systems and
the Modified Born approximation study of the excitation cross
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sections of the Lyman and Werner bands of H, (Liu et al. 1998).
From the HD Lyman band oscillator strengths, we calculate that
the Lyman continuum contributes 29.7% of the summed inten-
sity of the discrete rotational lines and continuum of the Lyman
band system. We have explained the calculation of continuum
dissociation yields previously for H, (Abgrall et al. 1997) and
D, (Abgrall et al. 1999). The Modified Born approximation,
which is an analytic expression for the excitation cross section
as a function of energy, can be used to relate the relative in-
tensities of the Lyman and Werner bands for electron impact-
induced fluorescence at 100 eV. For the constraint, we make the
assumption that the shapes of the Lyman and Werner excitation
functions for HD and H, are the same. We can calculate the di-
rect excitation cross sections for the Lyman and Werner cross
sections at 100 eV. Using the oscillator strengths of HD we find
that the excitation cross sections at 300 K and 100 eV of the
B'Y and C ', states are 2.57 x 1077 and 2.54 x 1077 cm?,
respectively.

Fic. 2h

There are three remaining independent spectral vectors in the
regression analysis. The next two vectors consist of the discrete
excitation transitions of the two n = 3 HD Rydberg bands (B'-X
and D—X). The fourth vector is the H, D Ly« lines, a single vec-
tor centered at the mean value of the H Ly at 1215.67 A and the
D Lya at 1215.34 A. The omission of the EF, GK, and HH — B
cascade model vector may lead to a serious underestimation of
the intensity values in the FUV spectral region where the v’ = 0, 1
cascade progressions of the gerade states are strongly excited. We
will show that cascade is very important in the 1300—1600 A wave-
length region. We will make a calculation of the EF-B oscillator
strengths needed to estimate the major cascading contribution to
the Lyman band system in § 8.

Based on the regression analysis, we show in Figure 2 the best
fit of the synthetic spectrum model to the laboratory spectrum
obtained in the 900—1650 A region. The figure is divided into
eight subfigures, 2a, 2b, 2¢, 2d, 2e, 2f, 2g, and 24, of 100 A each.
The absolute emission cross sections of the n = 2, 3 Rydberg
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series members along with the H, D Ly« cross sections and es-
timates for cascade cross sections in the FUV and the sum of cas-
cade and n > 3 Rydberg series members in the EUV at 100 eV
are given in Table 1. The n = 3 Rydberg series emission cross
sections (B’—X and D—X) are calculated from the regression
model coefficients of » = 3 compared to regression model coef-
ficients of the n = 2 Rydberg series members. In Table 1 the emis-
sion cross section for the Lyman bands is the sum of the direct
excitation cross section to B E* and the cascade cross section to

B 'S from the overlying gerade rovibrational transitions. For
the other band systems cascading is negligible. Based on the
regression model, the individual emission cross sections include
contributions for direct excitation to the B, B, C, and D states
and the cascading from the gerade states, the latter as explained
below, from the extended UV wavelength region comprising all
rotational lines and continua from 800 to 1700 A.

The most important omission to the HD Rydberg model band
system is the neglect of possible cascades coming from the gerade
excited electronic states, particularly EF 'S7-B 'S -x 5]
The bands produced by these cascades are found throughout the
UV region at wavelengths greater than 900 A. By using the ar-
guments from our understanding of the cross sections of the
H, molecule, we expect about 70%—80% of the B-state cascade
bands to be located above the H Lya wavelength (1216 A). Below
the H Lya wavelength, approximately 10% ofthe cascade bands
arise from the EF, GK, and HH 'S] — C 'I1,, cascade transitions
(Liu et al. 2002). The remaining 10%—20% of the cascade cross
sections for wavelengths below H Ly« is distributed among the
other Rydberg band systems, including most strongly the Lyman
bands. The cascade contributions from the B’ and D states amount
to less than 1% of'the total HD cascade cross section. We show in
Table 1 the estimate of the B (cascade) cross section to be 3.20 x
10~'8 cm? (for wavelengths above the H Lya), based upon the
discrepancy in intensity between the measured signal in the FUV
and the best-fit direct excitation FUV model in Figure 2. The
B 'S emission cross section is found to be 2.89 x 10717 cm?.
As a lower limit, the cascade cross section contributes 11% of
the emission cross section at 100 eV.

The other Rydberg emission cross sections of the other Rydberg
states are found to be 2.54 x10717 cm? for C T, — X '],
1.7 x107'% cm? for D ', HXIE;, and 2.2 x107'® ecm? for
B''YF - X E; We also give in Table 1 the ﬁrst estimate of the
H, D LyJ cross section to be 4.0 x 10~'% cm? at 100 eV.

Bemdes molecular band radiative emission, direct dissocia-
tion or predissociation of the molecule with formation of an
excited atom is another way for de-excitation after electron im-
pact. We can see in Jonin et al. (2000) that dissociation is negligi-
ble for B and C states but that for B’ and D states the dissociative
yields are 54% and 32%, respectively. We expect the same be-
havior for HD.

The 3pm D 'H; state is strongly predissociated by the con-
tinuum of the B’ state for o' > 3. Above the v/ = 3 level, the
emission yield becomes zero. Strong absorption features of the
D 'TI;" state to the o' = 17 have been observed by Dehmer &
Chupka (1983) and are denoted by the broadened line widths.
On the other hand, the 3pm D 'II, state can decay by modes,
emission or predissociation. Unllke in the case of H,, the D 'H’
state in HD can interact with another state of 'TI~ symmetry (the
most likely state is 7 11_[ state according to Dehmer & Chupka
1983) to cause the observed complete predissociation above the
dissociation limit. Thus, predissociation is very strong for both:
the 3pm D IH; state and the 3p7 D ]Hj state. Then it is expected
that radiation yields are lower for HD than for H, or D,.
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TABLE 1
EstiMATED BAND SYsTEM Cross Sections oF HD at 100 eV

Cross Section (10717 cm?)

BaND SysteEm HD H, D,

B IS0 (dISCIELE) covvvooeeeeeeee s 1.81 1.90° 1.76°
B 'S (continuum).................... 076  0.72%¢  0.70°
B IS (dIrect) covveeeennereereeeeeennns 257 2.62° 250°

B 'Y (cascade) e, 0.32¢  0.50°

B 'S (emission).........cccoovveeenn.. 289 3.12

LGRS 1 . 254 240° 246°
B IS e 022  021°

D Ml oo 0.17 028

1 18 57 OO 0.04  0.03

Other direct bands (B”, D), B (cascade)

and H Ly, 6, ..., from 800 to 1200 A ...... ~0.7

 Jonin et al. (2000); Liu et al. (1998).
® Abgrall et al. (1999).
° Abgrall et al. (1997).
Lower limit since cascade was only measured for wavelengths above
1216 A.
¢ Dziczek et al. (2000).
T Ajello et al. (1996).

We list in Table 1 the set of Lyman and Werner 100 eV exci-
tation and emission cross sections for the hydrogenic isotopes:
HD, H,, and D,, which were measured in our laboratory over
the past 10 years. The cross section values are the same to within
about 6%. The electronic structures of the three species are nearly
identical, which is the major effect in determining the electronic
cross section.

The strongest rotational lines for the B '3 —X 12; Lyman
system from cascade are found in the (v' = 0, »’) vibrational pro-
gression. In Figure 2 the P1, P2, P3, and RO, 1 (0, 4) rotational
lines near 1306 A and P1, P2, P3, and RO, 1 (0, 5) rotational lines
near 1358 A are shown to be particularly strong. The same pro-
gression values for H, were shown to dominate its cascade spec-
trum (Dziczek et al. 2000; Liu et al. 2002).

7. H, D Lya EXCITATION FUNCTION

We have measured the excitation function for the H, D Ly«
production in electron impact dissociation excitation of HD from
threshold to 800 eV. The excitation function was put on an ab-
solute scale by normalizing it to the dissociative excitation emis-
sion cross section of 7.98 x 10~'® cm? at 100 eV. The dissociative
excitation cross section for H, D Ly« at 100 eV is determined by
comparing the Ly« relative intensity in HD gas to that in H, gas
in both a gas swarm and a gas jet cross beam environment (Liu
etal. 1998). The laboratory-measured dissociative excitation cross
section for production of the H, D Ly« are analytically repre-
sented, within experimental error, using the semiempirical re-
lation (Jackman et al. 1977; Bhardwaj & Michael 1999a; Vatti
Palle et al. 2004)

o[- O e

Herego = 4ma}R* and has the numerical value 6.513 x 10~ 14 eV?
cm?, E is the energy of incident electron in eV, Wis the “fitting”
threshold energy for the process in eV, while Wy, is the “real”
threshold of the process in eV (cf. Table 2), and «, 3, €2, and
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TABLE 2
MobEL Fit PARAMETERS ForR H, D Lya: Cross SECTIONS

ProCESS
PARAMETER 1 11 1
14.67 23.0 30.2
0.7 1.5 1.5
1.15 1.7 2.7
1.7 0.78 0.75
0.212 0.053 0.26
14.67 23.0 30.2

F are the fitting parameters. The model-fitted and laboratory-
measured cross sections are shown in Figure 3 and the model
parameters are given in Table 2. The inset in Figure 3 shows the
model fit in the lower energy region (energy in logarithmic scale):
the region that is difficult to view in the full plot in linear scale.
The inset of Figure 3 also helps describe the shape of the Ly«
excitation function in the near threshold and low-energy regions.
The agreement between the model and data is fairly good keep-
ing in view of the scatter in experimentally measured excitation
function data. The advantage of representing the cross sections
analytically is the great ease in using cross section values in com-
prehensive theoretical models, and their usage removes any
ambiguity about the actual cross sections used in model calcula-
tions (e.g., Bhardwaj & Michael 1999a, 1999b; Bhardwaj 1999,
2003).

There are several singlets (singly and doubly excited) and triplet
states that contribute to the excitation function of the H, D Ly«
(e.g., Ajelloetal. 1991, 1995a, 1995b). As can be observed from
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Table 2, the excitation function has been modeled using three
different processes, having thresholds at 14.67 eV (process 1),
23.0 eV (process II), and 30.2 eV (process (I1II). We have taken
these three thresholds as identified by Ajello et al. (1995b) for the
production of the H Ly« emission from dissociative excitation of
H,. These processes can adequately represent the cross section
shape and magnitude of the H, D Ly« line (cf. Fig. 3). The cross
section o(F) in equation (8) is the sum of contributions from the
three independent processes I, II, and III. The H, D Ly« cross
section peaks at ~70 eV with a value of 8.6 x10~'® cm?. The
maximum contribution at energies higher than the cross section
peak comes from the singlet states (process III), which peaks at
100 eV, and it also provides the shape of a modified Born ap-
proximation to the excitation function at high energies. The
sharp rise in the excitation function near threshold is apparently
produced by a combination of exchange and resonance cross
sections of triplet and singlet states. The excitation function in
this region is fitted with process I having threshold at 14.67 eV;
the contribution from process I peaks at ~25 eV.

Earlier, M6hlmann et al. (1978) have measured the cross sec-
tion of H, D Ly« by electron impact on HD for the energy range
100-2000 eV. Their cross section value at 100 eV is 10.8 x
10~!8 ¢cm? compared to our value of 7.98 x 10~!® cm?. The H,
D Lya cross sections of Mohlmann et al. (1978), however, need
to be corrected. The reason is that Mohlmann et al. (1978) used
the measured H Ly« (from H,) cross section value of 12.0 x
10-'8 cm? at 100 eV to obtain their H, D Lya cross section
(from HD); while in the present study we have used the re-
cently measured value of 7.6 x 10~ '8 ¢cm? from Liu et al. (1998)
for the H Lya (from H,), which is more accurate. To test this
proposition, we normalized the H, D Ly« value of Méhlmann

010 _llllllllllllllllllllllllllllllllllIllllllllllllllllllllllllllIIllllll
- HD + e —> H,D Lyman « - -« - JPL Measured Data ]
0.09 ’ Analytical Model Fit -
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Fic. 3.—Total H, D Lya model cross section compared with the experimental excitation function in the 0—800 eV energy range. The FWHM was 0.8 A centered
at 1215.5 A. The experimental excitation function data of Mohlmann et al. (1978) for H, D (2p) and H, D (2s) states from 100 to 2000 eV are shown after a nor-
malization (see text). The inset shows the comparison between experimental excitation function and model in the near threshold and low-energy region. Note that the
energy in inset is in logarithmic scale. The model parameters are given in Table 2. The cross section was measured in the static gas mode.
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TABLE 3
Cross SecTions For THE H, D Ly«

Electron Energy Cross Section
eV) (10718 cm?)

0.2
4.0
5.7
6.6
7.1
7.8
83
8.5
8.6
8.5
8.2
8.0
7.3
6.7
6.0
5.6
52
4.8
44
42
3.7
3.4
3.1
2.8
2.6
2.4
2.3
2.1
2.1
2.0
1.8
1.7
1.5
1.4
1.2
1.0
0.96

et al. (1978) at 100 eV with our measured value and apply this
correction to their H, D Ly« cross sections at all energies. The
resulting cross section values are shown in Figure 3 with dia-
monds. The agreement between the two measurements is good
over the overlapping energy range of 100—800 eV.

Having established the consistency between our measured H, D
Ly values with those of Mdhlmann et al. (1978), after applying
correction, we can compare the results of the analytical model to
the data of M6hlmann et al. (1978) for obtaining a verification of
the predicted cross section at higher energies. The model cross
sections extending to 2 keV are also plotted in Figure 3, which
shows that the analytical model cross sections are consistent with
the corrected values of Méhlmann et al. (1978). At higher (above
1 keV) energies, the H, D Ly« cross section is dominated by the
singlet-states, which follow the asymptotic Born dipole shape
predicted by the model. Table 3 presents the cross sections for H,
D Ly« at selected energies from threshold to 2 keV; the values
have an estimated error of about 15%.

8. DISCUSSION

We have contributed significantly to the molecular phys-
ics database for HD through the process of analyzing a high-
resolution ultraviolet emission spectrum of molecular deuterium
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hydride excited by electron impact at 100 eV under optically
thin, single-scattering experimental conditions. The analysis of
the spectrum is based upon newly calculated transition proba-
bilities and line positions with rovibrational coupling for the
strongest (7 = 2 and 3) band systems, B 'S X 'Y, B/ 15—
X ]E;, C 'TI,-X 'Y, and D 'TI,—X 'S . The high-resolution
laboratory spectrum (FWHM = 160 mA) covers the wavelength
range from 900 to 1650 A, and contains the two Rydberg series
of HD: 'S 1sonpo (B, B/, B", n=2, 3, 4— X 'S and
MM sonpr (C, D, D', D", n =2,3,4,5)— X 12;. A regres-
sion analysis of the experimental spectrum over the observed wave-
length range using synthetic spectra for the » =2 and 3 band
systems of HD is in good agreement with observed intensities,
showing minor contributions from the n = 4 and 5 members of
the Rydberg series at wavelengths above 900 A.

8.1. Comparison with the Model Spectra

We compare now the experimental and fitted spectra in the
two selected spectral regions. These two narrow wavelength
regions are shown in Figure 4 (top and bottom panels). The
first region extends from 1350 to 1360 A and includes the rota-
tional lines from a strong cascade band B(0, 5) [B IZ:(v’ =
0) — XIE;—(U” = 5)]. The second region, 1380—1390 A, lies be-
tween the B(0, 5) and B(0, 6) bands and therefore contains
fewer contributions from the cascade excitation.

In the first spectral region, some peaks are found in the lab-
oratory data, but they do not appear in the model. A careful in-
spection of Table 4 shows that the poor fit arises from transitions
involving ¢ = 0 of the B upper state. This may be explained by
the cascade mechanism: the electrons excite the g-states, like the
EF state, whose near-infrared or visible emission populates prin-
cipally the lower levels of the B state that subsequently fluoresce
toward the ground rovibrational states. This effect appears also,
but less strongly, for some peaks in the second spectral region be-
tween 1380 and 1390 A.

In the second spectral region, some regions of the experi-
mental spectrum have less intensity than the model. As the cal-
culations do not take into account the coupling between the g
and u states, this lack of agreement could be explained by the
borrowing effect for mutually interacting electronic states.

Between 1384.5 and 1385 A, the difference is nearly 50%.
Inspection of Table 5 shows that the B, v = 10 rotational levels
emit in this region and the rotational levels are perturbed by the
EF state with v = 2. Dabrowski & Herzberg (1976) have mea-
sured a gap of 104.2 cm~! between the v = 2 level for J = I;
0 — c (observed — calculated) of Table 5 is 0.033 A (1.7 cm™1)
close to the shift due to the g-u coupling. If we use the two-level
coupling approximation, the intensity loss due to the pertur-
bation is 1.7/104.2. This amount is too small to explain the dis-
crepancy, even if we take into account the cascade de-excitation
path due to g-u coupling.

Between 1387 and 1390 A, the experimental structures are
only slightly lower than the model. Table 4 shows that rota-
tional levels of the B, v = 12 emit in this region. Hinnen et al.
(1995) has studied its perturbation by the EF, v = 5; for J = 3,
the gap between the two g and u states is 30.8 cm~! and 0 — ¢ of
Table 5 is close to 3 cm~1, this is compatible with the borrowing
effect.

We have made a major effort to explain these discrepancies.
We show in Figure 5 a regression fit of the data in the same two
FUYV spectral regions as in Figure 4 by a model that consists of
direct excitation of the Lyman band system and cascading by
the EF intermediate state. The EF—B cascade is the strongest
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FiG. 4—Comparison between the experimental spectrum (so/id lines) and a model synthetic spectrum (dashed lines) based on the regression analysis obtained at
300 K gas temperature, 100 eV electron impact energy, and 0.160 A FWHM from 1350 to 1360 A in the top panel and 1380 to 1390 A in the bottom panel, as

described in the figure caption to Fig. 2.

intermediate g-state that contributes to cascading. We have calcu-
lated transition probabilities of the EF ') ~B 1%} band system
by using the electronic factor of excitation shape function X-EF
obtained for H, by Liu et al. (2003) and the vibrational wave
function of HD. The regression model is in excellent agreement
with the observed data, proving cascade emission is easily obser-
vable in the FUV. As we have shown for H, (Liu et al. 2002)
many cascade channels from the EF state contribute to each cascade
contribution to a rotational line. Other gerade Rydberg series mem-
bers contribute to this spectrum including the GK, HH, I, J, . ..,
states, although the EF state remains the strongest contributor. Con-
sideration of only the EF state will slightly underestimate the ob-
served intensity.

8.2. Cross Sections

Although there have been previous high-resolution spectral
emission studies of H Lya and D Ly« line profiles and cross
section studies from H, and D,, respectively, by our laboratory
program at JPL (cf. Ajello et al. 2003), the measurements pre-
sented here are the first conducted upon HD. The most recent
review of electron-molecule collision by Compton & Bardsley
(1984) indicates two emission cross section studies of HD in the
past: (1) by Méhlmann et al. (1978) to study the H, D Ly« emis-
sion cross sections from dissociative excitation of HD, and (2) by
Karolis & Harting (1978) to determine the Balmer series emis-
sion cross sections also from dissociative excitation of HD.

From earlier studies by the Dutch group it is known that
in case of electron impact dissociative excitation of Hy and D,, a
considerable fraction of the produced H and D atoms in the

n = 2 are in the 2s state. However, for some H-containing mol-
ecules, like H,O, NH3, CH4, and HCI, no H atom in the 2s state
is produced in the dissociation excitation by electron impact.
Mohlmann et al. (1978) have measured the H, D (25 — 1s) cross
sections at energies 100 eV to 2 keV for electron impact dis-
sociative excitation of HD. Their measured value at 100 eV is
4.84 %1078 cm?. As in the case of the H, D Ly« (i.e., 2p — 1s
transition) cross section (discussed in § 7), we can correct their
H, D (25) cross sections by normalizing them with the ratio
7.98/10.8 for the H, D (2p — 1s) cross section at 100 eV. This
scaling gives a cross section value of 3.58 x 10~!® cm? for the
H, D (2s) production in electron impact on HD. The scaled H,
D (2s — 1s) cross section values of Mohlmann et al. (1978) are
also shown in Figure 3 (line with open star). Thus, the total cross
section for the H, D (2p, 25 — 1s) emission at 100 eV would
be (7.98 4 3.58) x 1018 = 1.16 x 10~'7 cm?. It is interesting to
note, as quoted by Mohlmann et al. (1978), that only in the cases
(i.e., Hy, HD, and D,) in which the minimum required energy to
produce the H (n = 2) is smaller than the ionization potential of
the parent molecules, that the H(2s) atoms are produced.

The ratio of the emission cross sections for the production of
H(2s) to that of H(2p) [i.e., H, D (2s/2p) ratio], produced in
e+ HD at 100 eV, as given by Mohlmann et al. (1978), is 0.448,
and it remains roughly constant (between 0.43 and 0.49) through-
out the energy range 100-2000 eV. The H, D (2s/2p) ratio value
for H, of Mdhlmann et al. is 0.605, which is comparable to the
value is 0.697 obtained by Ajello et al. (1991). The Lyman band
and Werner band direct cross sections at 100 eV for HD and H,
can also be compared. The Lyman and Werner cross sections for



TABLE 4
CALCULATED TRANSITION WAVELENGTHS AND EMISSION TRANSITION

PROBABILITIES BETWEEN 1350 anD 1357 A TABLE 4—Continued
A 0o—c A A o—c A
Transition A) A) G} Transition A) A) s
B3-6P4 .., 1350.098 0.017 4.66E+06 B18—13 RO .o 1354.649 1.36E+06
B20-14 Rl wooveeieieeae 1350.233 2.57E+06 B I8—13 Rl oo 1354.727 1.44E+06
B20—14 RO .o 1350.241 2.29E+06 B21-15R4 .o 1354.812 1.62E+06
B 13-10 P6 ..o 1350.253 1.85E+07 B 14—11 RO.ccooveveeerene 1354.874 4.16E+05
1350.417 2.34E+05 BO0-5P2... 1354.969 0.010 2.85E+08
1350.496 2.62E+06 B 14-11 RI. 1355.060 3.59E+05
1350.530 1.28E+07 B21-15P1 ... . 1355.106 4.62E+06
1350.607 0.020 9.90E+06 CO—16 P5.ceeeeeieeeene 1355.143 2.24E+06
1350.876 1.12E+07 B 1813 R2 oo 1355.163 1.41E+06
1350.953 0.024 1.49E+07 C6-16 Q3. 1355.339 2.56E+04
1350.987 . 2.78E+05 B5-TP3 .o 1355.355 0.026 7.33E+06
1350.990 ... 2.62E+06 C5-14R2.. 1355.437 . 4.27E+04
1351.086 8.24E+06 B 18-13 P1 ... 1355.631 5.54E+06
1351.107 0.008 1.44E+08 B21-15P2 ... 1355.702 . 3.56E+06
1351.323 0.012 1.74E+08 B 14-11 R2 1355.764 2.77E+05
1351.505 ... 3.66E+06 B 20-14 P5 1355.777 .. 6.52E+06
1351.508 4.26E+05 B 12-10 R4 1355.814 1.00E+05
1351.621 7.86E+06 CO—16 Rl .ooveeeeeieeeene 1355.844 6.35E+03
B 20-14 R4 1351.630 .. 2.36E+06 B 8-8 P6 ... 1355.854 e 8.34E+06
B 12-10 R1 . 1351.732 3.52E+05 B 18-13 R3 ... 1355.949 1.38E+06
C6-16 05....... . 1351.902 2.82E+04 B 16-12 RO ... 1356.045 7.04E+05
B 20-14 P2 1351.921 6.09E+06 B 14-11 P1 1356.070 2.34E+06
B22-16 R3 1352.010 1.16E+06 C5-14 05 1356.142 2.94E+04
B 22-16 R4 1352.238 e 2.08E+06 B 16—12 Rl oo 1356.180 e 6.84E+05
B5—TR3 oo 1352.280 0.031 1.15E+07 CO6-16Ph ..o 1356.306 3.57E+05
BO-5R2 ... . 1352.300 0.011 1.87E+08 C5-14 R1.. 1356.307 9.63E+03
B 12-10 R2 1352.536 2.50E+05 B 12-10 P3 ... . 1356.382 2.50E+06
B 22-16 R2 1352.539 e 1.41E+06 C6-16 02..... . 1356.416 e 2.32E+04
B 12-10 P1 1352.798 2.43E+06 B21-15P3 1356.427 3.68E+06
B5-T P2 e 1352.809 0.023 8.95E+06 BO-5R4 ..o 1356.490 0.010 1.99E+08
B 22-16 R1 1352.837 1.30E+06 B 18-13 P2 1356.669 4.38E+06
BO-5Pl oo, 1352.928 0.012 4.29E+08 C5-14 Q4o 1356.731 2.35E+04
B 15-11 P6.. 1352.973 1.53E+07 B 16-12 R2 1356.765 6.13E+05
B 20-14 P3 . 1352.999 . 6.06E+06 C 6-16 RO .. 1356.822 e 6.62E+02
C6-16 R3....... . 1353.088 5.99E+05 B 22-17 R1 ... 1356.874 4.10E+06
B 22-16 RO 1353.107 1.11E+06 B 14-11 R3 1356.971 2.11E+05
B 17-12 P6 1353.325 1.32E+07 BT-8 RO ..o 1356.982 0.029 6.56E+06
C5-14 R4 .., 1353.502 5.16E+05 BI18—13 R4 .o 1357.058 1.37E+06
B 22-16 P1 1353.660 ... 4.06E+06 C5=14 RO oo 1357.090 .. 7.52E-01
C6-16 O4....... . 1353.855 2.79E+04 C 6-16 O1.. 1357.113 2.14E+04
B 12-10 R3 1353.900 1.63E+05 B 16-12 P1 ... 1357.137 3.38E+06
B22-16 P2. . 1353.936 . 3.15E+06 C5-14 03.. . 1357.167 e 1.91E+04
BO-5R3 oo 1354.023 0.011 1.94E+08 CO6—16 P3 .o 1357.180 1.20E+05
B22-16 P5 .o 1354.061 3.51E+06 BT-8 Rl v 1357.238 0.029 8.68E+06
B3=6P5 .o 1354.150 ... 4.35E+06 B21-15 P4 e 1357.254 . 4.00E+06
B22-16 P3 ..o, 1354.167 . 3.37E+06 B20-14 P6 ... 1357.307 e 5.94E+06
B21-15R1 oo 1354.290 ... 1.37E+06 B 2217 RO oo 1357.341 .. 3.64E+06
B 22-16 P4 1354.291 3.89E+06 B14—11 P2 1357.447 2.09E+06
B 20-14 P4 1354.303 6.32E+06 C5-14 Q2. . 1357.478 1.60E+04
B 12-10 P2 . 1354.311 2.15E+06 CO6=16P2.ueceeeeeieennn. 1357.656 4.67E+04
B 10-9 P4 ....... . 1354.341 4.14E+06 C5-14 Ol 1357.671 1.40E+04
B21-15R2 1354.342 . 1.42E+06 B 2217 Pl oo 1357.702 e 6.44E+06
B21-15 R0 oo 1354.396 1.21E+06 BO-5P3 e 1357.744 0.012 2.55E+08
C5—14R3 .o 1354.477 . 1.30E+05 B10-9 P5 oo 1357.745 e 4.70E+06
B21-15R3 1354.524 1.50E+06 B16—12 R3 oo 1357.783 5.55E+05
C6-16 R2... 1354.548 6.28E+04

B5-TR4 ... . 1354.641 .. 1.31E+07



TABLE 5

CALCULATED TRANSITION WAVELENGTHS AND EMIsSSION TRANSITION

PROBABILITIES BETWEEN 1380 anD 1390 A

A o—c A
Transition A) A) )
C2-11 P6 ..o 1380.020 2.05E+05
B 13—11 P5.ceee 1380.189 6.32E+05
B 19-15 Rl v, 1380.229 8.69E+05
B19-15R2 e 1380.234 9.10E+05
B 19-15 R3 1380.357 8.37E+05
B 19-15 RO 1380.371 e 6.76E+05
B6-8 R4 ... 1380.460 0.027 4.67E+07
B 19-15 R4 1380.573 6.75E+05
CO-9 P5 .o 1380.750 1.44E+04
C1-10P5 .o 1380.843 1.40E+03
C5-16 R3 ..o 1380.900 ... 5.99E+04
B8-9RO ..o 1380.932 0.031 2.52E+07
B 18—-14 P4 1380.962 1.70E+04
B 19-15 P1 1381.124 1.24E+06
B8-9RI ... 1381.149 0.033 3.07E+07
B6-8P3 e 1381.316 0.029 5.53E+07
B1-6 RO .coovvne. 1381.396 0.016 2.54E+07
B1-6 Rl oo 1381.603 0.015 2.89E+07
B19-15P2 ..o 1381.728 4.87E+05
B 11-10 P6. 1381.778 1.50E+06
B4-7P5 ... 1381.928 0.023 6.78E+07
C5-16 04.. 1382.002 . 8.59E+00
B89 R2 oo, 1382.002 0.032 3.33E+07
B 1512 P6 ... 1382.122 5.76E+04
B 2017 RI oo 1382.173 e 6.23E+06
B89 Pl e 1382.407 0.032 7.26E+07
C 0-9 P6 1382.448 6.32E+03
B 19-15 P3 ... 1382.449 1.69E+05
B 18-14 P5 ... 1382.450 3.02E+04
C1-10 P6 ... 1382.550 ... 4.95E+05
B1-6R2 .o, 1382.555 0.013 2.91E+07
B20-17 RO ... 1382.679 6.00E+06
C5-16 R2 .o 1382.806 3.68E+04
B 16—-13 RO ... 1382.959 3.72E+06
B 16-13 R1 ... 1383.004 4.73E+06
C5-16 P5..... 1383.040 2.26E+05
B 20-17 P1 1383.067 9.64E+06
C4-14 R4 ... 1383.137 7.85E+04
B1-6Pl e 1383.208 0.014 8.22E+07
B19-15 P4 ...ccovuvienn. 1383.258 1.22E+04
B 13—11 P6.....ooeueenee. 1383.391 3.64E+05
B 1613 R2 ...ccccevuvrenn. 1383.407 5.21E+06
B89R3... 1383.475 0.033 3.48E+07
C5-16 Q3. 1383.696 6.53E+01
B 16-13 P1 ... 1383.999 9.00E+06
B 18—-14 P6 1384.059 .. 2.36E+05
B89 P2 1384.096 0.030 4.72E+07
B 19-15 P5 1384.103 4.68E+04
B 16-13 R3 1384.160 . 5.40E+06
B1-6R3 ... 1384.239 0.017 2.79E+07
C5-16 Rl .. 1384.312 2.14E+04
B6-8 P4 ... 1384.423 0.025 5.17E+07
C4-14 R3 .o 1384.449 9.35E+04
C5-16 P4 ..o 1384.637 . 8.18E+04
B 10-10 RO ... 1384.679 0.033 1.89E+07
B 10-10 R1 ..o 1384.868 0.036 2.32E+07
B 19-15 P6 ... 1384.926 3.26E+05

TABLE 5—Continued

A 0o—c A
Transition A) A) 7N
C5-16 Q2. 1384.930 1.35E+02
B16-13 P2 o 1385.063 5.05E+06
B1-6 P2 .o 1385.223 0.012 5.61E+07
B16-13 R4 ..o 1385.244 5.38E+06
C5-16 RO ..o 1385.423 8.09E+03
B89R4 ... 1385.559 0.033 3.59E+07
C4-14 R2 ... 1385.629 S 8.95E+04
B10-10 R2 .. . 1385.643 0.034 2.52E+07
C5-16 P3 ..o 1385.704 3.56E+04
C5-16 Ol 1385.732 1.91E+02
B 14-12 RO .......ocueuee.. 1386.033 8.22E+06
B 10-10 P1 1386.056 0.033 5.38E+07
C4-14 05.... 1386.062 4.08E+02
B 14-12 R1 .. 1386.136 1.02E+07
C5-16 P2.... 1386.291 ... 1.23E+04
B89 P3 .. 1386.400 0.032 4.13E+07
B16—13 P3 .ccoovine. 1386.477 3.60E+06
B 1211 RO.....oovveeneee 1386.483 0.045 1.34E+07
B 4=T7 P6 ..o 1386.506 0.022 6.58E+07
B 12-11 RI1... 1386.636 0.049 1.65E+07
B1-6 R4 .. 1386.652 0.015 2.62E+07
C4-14 RI ... . 1386.663 6.68E+04
B 14—12 R2 ..o 1386.690 1.12E+07
Ca4-14 Q4. 1386.862 ... 5.44E+02
B10-10 R3 oo 1386.985 0.038 2.64E+07
B14-12 Pl e 1387.193 2.18E+07
B12-11 R2... 1387.311 0.055 1.80E+07
C4-14 O3.... 1387.465 6.46E+02
C4-14 RO ... . 1387.565 e 2.96E+04
B 10-10 P2 .....ccveueee. 1387.621 0.042 3.46E+07
B14—12 R3 o 1387.678 1.17E+07
B 12—11 Pl 1387.757 0.043 3.71E+07
C4-14 Q2. 1387.903 7.16E+02
B 1-6 P3 1387.961 0.015 5.11E+07
B6-8 P5 1388.151 0.028 4.92E+07
C4-14 O1.... 1388.179 7.58E+02
B 16-13 P4 1388.217 2.51E+06
B14—12 P2 .o 1388.451 .. 1.33E+07
B12-11 R3..oee 1388.492 0.005 1.88E+07
C5-17 Rl cooevv 1388.539 1.60E+04
B3-7 RO ..o 1388.849 0.019 2.58E+07
B10-10 R4 .o 1388.882 0.038 2.72E+07
B3-7TRI ... . 1389.066 0.022 2.95E+07
C4-14 P6 ... 1389.082 1.72E+05
B14—12 R4 .o 1389.083 1.19E+07
B 12-11 P2.....oeeee. 1389.178 0.046 2.34E+07
B89 P4 . 1389.308 0.033 3.82E+07
C4-14 P2 . 1389.339 3.55E+04
C4-14 P5 . 1389.476 1.25E+05
C4-14 P3 ... 1389.581 7.10E+04
C4-14 P4 ... 1389.636 . 9.82E+04
B 10-10 P3 .. . 1389.750 0.037 2.99E+07
C5-17 RO .o 1389.861 4.58E+03
C5-17 Ol 1389.968 1.51E+01
B3-7TR2 oo 1390.003 0.019 3.00E+07
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HD are 2.57 x 1077 and 2.54 x 10~'7 ¢cm?, respectively, while
for H, these values are 2.62x107!7 and 2.40x10~'7 cm?,
respectively (Liu et al. 1998). The ratio of Lyman (B-state) to
Werner (C-state) cross sections at 100 eV is 1.01 and 1.09 for
HD and H,, respectively (cf. Table 1). The absolute Lyman and
Werner cross sections for D, are nearly the same as for H,, based
on the assumption by Abgrall et al. (1999) that the Lyman and
Werner band excitation shape functions are the same for H, and
D,. In this experiment the estimated uncertainties to both the
Lyman and Werner band system 100 eV direct excitation cross
sections from HD are 10%, whereas the estimated uncertainties
to both the B’—X and D—X band system 100 eV direct excitation
cross sections are 25%.

We now have completed the high-resolution spectroscopic lab-
oratory studies of the hydrogen isotopomers, H,, HD, and D, by
electron impact under optically thin conditions: leading to a funda-
mental set of molecular emission and excitation cross sections and
a verification of the ab initio calculations of transition probabili-
ties for n = 2 and 3 gerade Rydberg series members. The results

of this laboratory program are amenable to calculation of syn-
thetic model spectra and electron energy loss processes in plan-
etary atmospheres, cometary atmospheres, stellar atmospheres,
and the ISM involving collisions of electrons with hydrogenic
molecules.

The laboratory measurements described in this text was
carried out at the Jet Propulsion Laboratory, California Institute
of Technology. The work was supported by the Aeronomy
Program of the National Science Foundation Program (grant
ATM 03-1210), and NASA Planetary Atmospheres and NASA
Astronomy and Physics Research Analysis Program Offices.
P. Vatti Palle acknowledges the support of a National Research
Council Resident Research Associateship while at the Jet Pro-
pulsion Laboratory. A part of this research was conducted while
A. Bhardwaj held the National Research Council Resident Se-
nior Research Associateship at NASA Marshall Space Flight
Center.
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